Although 1-(2-phenethyl)-4-(N-propionylanilino)piperidine (fentanyl) is controlled by drug control laws, its slightly modified compounds, which show the same analgesic activities, cannot be controlled legally. Among these fentanyl analogues, 1-[2-(2-methylphenethyl)]-4-(N-propionylanilino)piperidine (α-methylfentanyl) is the typical and most widely abused drug and its overdose has caused a number of fatalities. Analysis of the urine of addicts has been widely performed to detect its metabolites and the unchanged compound for proof of its abuse. In this case, the metabolites detected in urine should reflect the structure of the original compound. In the present report, for clarification of α-methylfentanyl abuse, four novel metabolites, which reflect the original structure of α-methylfentanyl, were identified in rat urine. One of these was the p-hydroxy form of the aromatic ring of the α-methylfentanyl phenethyl group (mono-aromatic hydroxy α-methylfentanyl), while the second and third ones were metabolites of ω-1 or ω position hydroxypropionyl of α-methylfentanyl (mono-hydroxypropionyl α-methylfentanyl). The fourth one was a metabolite involving the p-hydroxy form of the aromatic ring of the phenethyl group and ω position of hydroxypropionyl α-methylfentanyl (di-hydroxy α-methylfentanyl). The structures of these compounds were identified by comparisons of their retention times and mass spectra obtained by gas chromatography-mass spectrometry (GC/MS) and mass chromatography of mono-and di-hydroxy α-methylfentanyl with those of the synthesized authentic compounds.
INTRODUCTION
Due to its strong analgesic activity, 1-(2-phenethyl)-4-(N-propionylanilino)piperidine (fentanyl) is widely utilized as a medicine for the terminal phase of cancer patients in order to remove pain. However, because of its strong analgesic activity, drug abuse of its structurally modified compounds, so-called "designer drugs," has occurred. Although these drugs were slightly changed the structure of fentanyl, they have similar or greater analgesic and euphoric activities. Furthermore, these drugs were not able to prohibited by the old drug control laws, and their high toxicity caused several fetal cases. * To whom correspondence should be addressed: 3rd Department of Forensic Science, National Research Institute of Police Science, 6-3-1, Kashiwanoha, Kashiwa-shi, Chiba 277-0882, Japan. Tel.: +81-4-7135-8001; Fax: +81-4-7133-9153; E-mail: suzukis@nrips.go.jp
In the first report, these drugs were called bogus "China White." The term of "China White" was a slang of heroin. 1) But now many fentnayl analogues are called "China White" such as 3-position of the piperidine ring was methylated fentanyl, it was described as 3-methylfentanyl, [2] [3] [4] [5] [6] and α-position of phenethyl group was methylated one was also called α-methylfentanyl. In a previous study, the reported mass spectrum of bogus "China White" was compared with those of synthesized fentanyls, and reported structure of bogus "China White" was presumed to involve the introduction of a methyl group to the α-position of the phenethyl group of fentanyl (α-methylfentanyl). 7) Furthermore, several discrimination methods for fentanyl and its analogues have been reported. [8] [9] [10] [11] [12] [13] The structures of fentanyl, 3-methylfentanyl and α-methylfentanyl are shown in Fig. 1 .
Regarding the drug control laws in Japan, the possession, illegal import and transfer of abused drugs were prohibited, furthermore, the use of narcotics, stimulants and other drugs with defined structures, are also strictly prohibited. For this reason, examination of urine is widely performed in forensic laboratories in order to prove their usage.
As an example, the major abused drug in Japan is methamphetamine, and to prove its usage, about 20000 urine samples were positive in 2006 of the urine samples examined for the detection of unchanged methamphetamine and its major metabolite, amphetamine. 14) This number of examinations is far higher than the number of methamphetamine crystal cases. Similar to the case for methamphetamine, analysis of urine or blood should be performed to detect fentanyl metabolites that have the same structure as the original abused drug. There are many published papers regarding the metabolism of fentanyl itself, [11] [12] [13] [15] [16] [17] [18] and recent enzymatic studies of fentanyl have involved human hepatocytes and P-450 3A4. 19, 20) However, none of these reports except one, ω position hydroxypropionylfentanyl (ω hydroxyfentanyl), have not focused on metabolites that reflect the structure of the dosed compound. [11] [12] [13] The metabolites of fentanyl are shown in Fig. 2 . Although there are a quite few reports of the metabolism of fentanyl analogues, 21) there are no reports regarding the metabolism of α-methylfentanyl, the major abused fentanyl analogue, even though it is presently controlled as a narcotic by the drug control laws. Furthermore, there are no reports on metabolites with structures that reflect the structure of the dosed α-methylfentanyl in order to define its use. In the present report, four novel metabolites with structures that reflect the dosed drug, α-methylfentanyl, were identified in rat urine. The existence of characteristic metabolites of α-methylfentanyl was presumed by the observed peaks on a total ion chromatogram (TIC) of trifluoroacethylated rat urine extract and the mass spectra of their trifluoroacetyl derivatives. Their structures were confirmed by comparisons of the retention times and mass spectra of trifluoroacetyl derivatives obtained by gas chromatography-mass spectrometry (GC/MS) with those of the authentic chemically synthesized compounds. The structures of metabolites (M1 to M7) of α-methylfentanyl in rat urine are summarized in Fig. 3 . 7) Other chemicals were of analytical grade and the water used was prepared with a Milli-Q system (Nihon Millipore Inc., Tokyo, Japan). Animal and Urine Samples --Male Wistar rats (120-150 g) were used in this study. A total of 10 rats were placed in metabolic cages separately for urine collection. α-Methylfentanyl was injected periorally at a dosage of 3 mg/kg in a day for 5 days. This dosage level was considered to represent the LD 50 of each rat before examination. Urine was collected every 24 hr for each rat. The samples were combined and stored at −10 • C in the freezer until analysis. Extraction of Metabolites from Urine --A 50 ml portion of the collected urine was adjusted to pH 5.0 with 1 M acetic acid (approximately 5 ml added). Next, 500 U/ml urine of β-glucuronidase was added and the mixture was incubated at 37 • C for 24 hr. After the incubation, the pH of the mixture was adjusted to 8.5 with 1 M sodium carbonate (approximately 10 ml added) and the metabolites of α-methylfentanyl excreted into the urine were extracted three times with 50 ml of chloroformisopropanol (3:1, v/v). The extracts were combined and the solvent was removed at 30 • C in a water bath by an evaporator. Trifluoroacetylation of Rat Urine Extracts --The extract was dissolved in 2 ml of ethylacetate and placed in a reaction vial, followed by removal of the ethylacetate under N 2 flow in a heating block at 30 • C. The residue was re-dissolved in 100 µl of ethylacetate, and 50 µl of trifluoroacetic acid anhydrate was added to 100 µl of the extract solution. The reaction vial was sealed and placed in an aluminum-heating block at 40 • C for 30 min. After removal of the ethylacetate and trifluoroacetic acid under N 2 flow in the heating block at 30 • C, the residue was re-dissolved in 50 µl of ethylacetate, and 5 µl of this solution was injected into GC/MS. GC/MS and Mass Chromatography Conditions --GC/MS was conducted by the following condition. GC/MS instrument was M-80 sector type gas chromatograph/mass spectrometer supplied by Hitachi, Co. Ltd. (Tokyo, Japan). GC column: 1% OV-17/Chromosorb W (AW-DMCS); mesh, 100-120; length, 2 m; diameter, 3 mm. Column temperature: 130-270 • C (5 • C/min) and hold at 270 • C for 20 min, injection temperature: 260 • C, interface temperature: 260 • C and carrier gas: N 2 , 50 ml/min. Ionization energy: 100 eV, ionization current: 110 µA, ionization method: chemical ionization (CI) mode, reaction gas: iso-butane.
MATERIALS AND METHODS

Chemicals
To obtain their full mass spectra, scan range was from m/z 80-700 and for the mass chromatography, m/z 463 and 259 for mono-hydroxy α-methylfentanyl and m/z 575 and 371 for di-hydroxy α-methylfentany were selected. The obtained mass chromatogram is shown in Fig. 4 .
Synthesis of Presumed Metabolites in Rat Urine
--M1 (nor-fentanyl), M2 (ω hydroxy norfentanyl) and M3 (ω-1 hydroxy nor-fentanyl) were synthesized from 1-carbetoxy-4-piperidone (1) as a starting compound.
Through 1-carbetoxy-4-anilino-piperidine (2), 4-anilinopiperidine (3), 1-carbobenzoxy-4-anilinopiperidine (4), 1-carbobenzoxy-4-propionylanilinopiperidine (5), finally 4-propionylanilino-piperidine (nor-fentanyl, M1, 6) was produced (Fig. 5a ). For the synthesis of M2, in order to synthesize the ω hydroxypropionyl group instead of the propionyl group, started by the formation of the mono potassium salt (8) of diethylmalonate (7), by its reduction to form monoethylmalonate (9), finally monoethylmalonic chloride (10) was obtained. This compound (10) was attached to 4, to yield 1-carbobenzoxy-4-(anilino ω ethylmalonate)-piperidine (11) . Following reduction of ω position of 11, 1-carbobenzoxy-4-(ω hydroxypropionylanilino)-piperidine (12) was obtained, and removal of carbobenzoxy group of 11, 4-(ω hydroxylpropionylanilino)-piperidine (ω hydroxy nor-fentanyl, M2, 13) was produced (Fig. 5b) .
The synthesis of M3 was similar to the synthesis of M2.
The start- After removal of the 1-carbobezoxy group in the same way as for the synthesis of M2, 4-(ω-1 hydroxypropionylanilino)-piperidine (ω-1 hydroxy nor-fentanyl, M3, 18) was obtained (Fig. 5c) . The synthetic pathways of M1, M2 and M3 are summarized in Fig. 5a , 5b and 5c.
For the synthesis of M4, 1-phenyl-2-bromopropane was reacted with (M2, 13) and ω hydroxy α-methylfentanyl (M4, 19) was obtained.
The mass spectrum of trifluoroacetyl derivative of M5 (20) was exactly the same as that of M4. It was considered that this compound was ω-1 hydroxy α-methylfentanyl (20) . The synthesis of M5 was started by combining M3 (18) and 1-phenyl-2-bromopropane, following, ω-1 hydroxypropionyl α-methylfentanyl (M5, 20) was obtained.
In the metabolism of aromatic hydroxylation, most cases should occur at the p-position of the aromatic ring. Metabolite M6 was considered to be p-hydroxyl α-methylfentanyl. For the above reason, nor-fentanyl (M1, 6) was combined with 1-(3-carbobenzoxy)-2-bromo-propane (21) , and following removal of carbobenzoxy group yielded p-hydroxyl α-methylfentanyl (M6, 23). The synthetic schemas of M4, M5 and M6 are summarized in Fig. 6 .
Metabolite M7 was considered to be di-hydroxy α-methylfentanyl. One of the hydroxy positions was presumed to be at the p-position of the aromatic ring, but the other position was not defined as the ω or ω-1 position of the propionyl group by the mass spectrum. For the above reason, both dihydroxy α-methylfentanyls were synthesized. pAromatic and ω hydroxy α-methylfentanyl (M7, 24) was synthesized by combining ω hydroxy norfentanyl (M2, 13) and 21, followed by reduction. The metabolite of p-aromatic hydroxy and ω-1 hydroxyl α-methylfentanyl (25) was also obtained by the same method utilizing ω-1 hydroxy nor-fentanyl (M3, 18) and 21. Both trifluoroacetylated compounds were injected into the GC/MS. The retention time of 24 was the same as that of the metabolite found in rat urine. From this result, metabolite M7 was determined to be p-aromatic and ω hydroxy α-methylfentanyl (24). The synthetic pathways of M7 and p-aromatic and ω-1 hydroxy α-methylfentanyl (25) are summarized in Fig. 7 .
RESULTS AND DISCUSSION
GC/MS and Mass Chromatography for Detection of Metabolites with Structures that Reflect α-Methylfentanyl
In all previous reports regarding the metabolism of fentanyl, [11] [12] [13] [15] [16] [17] [18] the major metabolite was nor-fentanyl (M1), furthermore, other metabolites of ω position hydroxypropionyl nor-fentanyl (ω hydroxy nor-fentanyl, M2) and ω hydroxyfentanyl were also reported. [11] [12] [13] With the exception of ω hydroxyfentanyl, metabolites that preserved the original structure of fentanyl were not reported. The structures of major metabolites, such as, norfentanyl and ω hydroxy nor-fentanyl are also summarized in Fig. 2 with ω hydroxyfentanyl. Metabolites M1and M2 could be found in both fentanyl and α-methylfentanyl injected cases, but M3 is specific metabolites in α-methylfentanyl case, and ω hydroxyfentanyl is also specific metabolite in fentanyl case.
Although there are no reports on the metabolism of α-methylfentanyl itself, its metabolites are considered to have similar characters to those of fentanyl. The assignment of these metabolites was conducted by the comparisons with authentic chemically synthesized compounds.
The major metabolite was the same to the major metabolite of fentanyl, and involved the removal of a 1-pheny-2-methylethyl group attached to the 1-position of the piperidine ring of α-methylfentanyl (nor-fentanyl, M1), and the same metabolites as fentanyl were defined as mono-hydroxy metabolites of nor-fentanyl, such as ω hydroxy nor-fentanyl (M2). In addition to these metabolites, another monohydroxy metabolite of α-methylfentanyl, which showed the same spectrum as M2, was observed on mass chromatogram (M3). The structure of M3 was presumed to be ω-1 hydroxy nor-fentanyl. The presumed structures of the trifluoroacetyl derivatives and their CI mass spectra of compounds M1, M2 and M3 are shown in Fig. 8 . These metabolites did not reflect the structure of the dosed drug, α-methylfentanyl. Metabolites, M1 and M2 were the same metabolites as those of fentanyl. In order to determine metabolites that reflected the structure of the dosed drug, α-methylfentanyl, mass chromatography utilizing the mass numbers of trifluoroacetylated mono-and di-hydroxy α-methylfentanyl (m/z 463 and 259 for mono-hydroxy α-methylfentanyl and m/z 575 and 371 for di-hydroxy α-methylfentanyl, respectively) was conducted. The TIC and results of mass chromatography at m/z 463 and 259 and m/z 575 and 371 are also shown in Fig. 4 . On the mass chromatogram, in addition to M1, M2 and M3, three mono-hydroxy α-methyl fentanyl peaks of possible candidates, comprising three metabolites of mono-hydroxy α-methylfentanyl (M4, M5 and M6) and one metabolite of di-hydroxy α-methylfentanyl (M7) were observed. The mass spectra of trifluoroacetyl derivatives of M4, M5, M6 and M7 are shown in Fig. 8 . In addition to the mono-hydroxyl α-methylfentanyl, the trifluoroacetyl derivative of di-hydroxy α-methylfentanyl is also shown in Fig. 8 . The metabolites names of M1 to M7 are correspond to the each observed peak on the mass chromatogram shown in Fig. 4 .
The Novel Metabolites Identified Its Structure in Rat Urine
From the detail observation of TIC and mass chromatogram of extract of α-methylfentanyl in- jected rat urine, 4 novel metabolites that reflect the structure of dosed drug, α-methylfentanyl were found. Their structures were presumed to be M4, M5, M6 and M7 shown in Fig. 8 . For the identification of their structure, presumed metabolites were synthesized.
In the case of M4 and M5, these two compounds showed identical mass spectra and hydroxy positions were presumed to be ω and ω-1 position of propionyl group. The synthetic pathways of these two metabolites are shown in Fig. 6 . The retention times and mass spectra of trifluoroacetylated M4 and M5 were same to presumed M4 and M5 in Fig. 8 . Presumed M6 in Fig. 7 was aromatic ring of phenethyl group hydroxy metabolite. To confirm hydroxy position at aromatic ring, p-hydroxy α-methylfentanyl (M6) was synthesized. The detail synthetic method is shown in Fig. 6 . The identity of presumed M6 and M6 was proved in the same manner to M4 and M5. Presumed M7 in Fig. 8 was considered di-hydroxy α-methylfentanyl, and hydroxy positions were aromatic ring and propionyl group from the mass spectrum of trifluoroacetyl derivative of presumed M7. As a result, M7 was ω hydroxyl, not ω-1 hydroxyl propionyl group and also p-aromatic hydroxy metabolite. The synthetic method of M7 is shown in Fig. 8 . Expected Metabolic Pathway of α-Methylfentanyl Based on the results obtained in the present study, the expected metabolic pathways of α-methylfentanyl in rat are shown in Fig. 9 .
Main pathway of metabolism of α-methylfentanyl was shown by bold arrows, it was identical to that of fentanyl, the main metabolites found in urine was nor-fentanyl and ω hydroxy nor-fentanyl. But to specify the intake of α-methylfentanyl, four novel metabolites were found in rat urine by mass chromatography. These compounds were three of mono-hydroxy α-methylfentanyl and one of di-hydroxy α-methylfentanyl. By the synthesis of authentic compounds of these four metabolites, two of monohydroxy α-methylfentanyls were ω and ω-1 hydroxy α-methylfentanyl, and other mono-hydroxy α-methylfentanyl was p-position of aromatic ring of phenethyl group hydroxy α-methylfentanyl. One of di-hydroxy α-methylfentanyl was identified as ω position of propionyl group and p-position of aromatic ring of phenethyl group was also hydroxy α-methylfentanyl. From the major metabolites in rat urine, the intake compound taken could not be specified, but these four metabolites were reflect the intake compound, α-methylfentanyl and from these metabolites excreted in rat urine, intake compounds could be specified.
In conclusion, structurally modified compounds of legally prohibited drugs by drug control laws (designer drugs) have been widely abused, and fentanyl analogues were the first abused drugs to be reported as designer drugs, recently. In Japan, the drug control laws prohibit not the only possession, transfer and illegal import of drugs, but also the usage of drugs described in the laws. For the above reason, examination of metabolites excreted in urine is widely carried out in forensic laboratories, since collection of blood by police officers and scientists has been banned, and this procedure is now only permitted to medical doctors. However, the structures of designer drugs are similar to one another. For this reason, the major metabolites of these kinds of drugs are the same between legal and illegal drugs. α-Methylfentanyl, one of the most widely abused fentanyl analogues, the itake of α-methylfentanyl could not be proved by major metabolites. In this study using rats as an experimental animal, four novel metabolites, such as ω and ω-1 hydroxy α-methylfentanyls (M4, 19 and M5, 20) , p-aromatic hydroxy α-methylfentanyl (M6, 23), and p-aromatic hydroxy and ω hydroxy and α-methylfentanyl (M7, 24) were found in rat urine. To find these metabolites that reflect the original dosed drug, the usage of α-methylfentanyl are proved. From the detection of major metabolites, nor-fentanyl (M1, 6), ω-hydroxy nor-fentanyl (M2, 13) and ω-1 hydroxy nor-fentanyl (M3, 18) it is insufficient to prove the abuse of α-methylfentanyl. For the accurate identification to prove these designer drugs, the structures of abused drugs are similar to each other, in the examination of metabolites in urine, only detection of major metabolites is insufficient, minor metabolites that reflect the dosed drug structure is indispensable.
Furthermore, one of the reasons to explain the frequently reported fatal cases was due to not only over dose but also narrow range of ED 50 and LD 50 . 22) 
